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We observed decreased renal angiomyolipoma development in patients with TSC2-polycystic kidney disease 1 deletion syndrome and hypertension that were treated from an early age with angiotensinconverting enzyme inhibitors or angiotensin receptor blockers compared with patients who did not receive this therapy. TSC-associated renal angiomyolipomas expressed ANG II type 1 receptors, plateletderived growth factor receptor-␤, desmin, ␣-smooth muscle actin, and VEGF receptor 2 but did not express the adipocyte marker S100 or the endothelial marker CD31. Sera of TSC patients exhibited increased vascular mural cell-secreted peptides, such as VEGF-A, VEGF-D, soluble VEGF receptor 2, and collagen type IV. These findings suggest that angiomyolipomas may arise from renal pericytes. ANG II treatment of angiomyolipoma cells in vitro resulted in an exaggerated intracellular Ca 2ϩ response and increased proliferation, which were blocked by the ANG II type 2 receptor antagonist valsartan. Blockade of ANG II signaling may have preventative therapeutic potential for angiomyolipomas.
tuberous sclerosis complex; angiomyolipoma; angiotensin II type 1 receptor; pericyte; perivascular epithelioid cell tumor; mammalian target of rapamycin PATIENTS with tuberous sclerosis complex (TSC) progressively develop renal tumors, called angiomyolipomas, which develop aneurysms that can rupture, leading to life-threatening hemorrhage and even death. Surgical and interventional radiology procedures have been used to control bleeding and tumor burden (7) . Angiomyolipomas are a type of perivascular epithelioid cell tumor, and although this tumor's origin has been suggested, the exact identity of the cell of origin is unclear (5, 12, 28, 50) . Clonality of angiomyolipomas has been demonstrated, which is intriguing given the different cellular components that comprise the lesions (22) . The typical TSC-associated angiomyolipoma contains fat, blood vessels, spindle (or smooth muscle-like) cells, and epithelioid cells (18) . These highly vascular tumors contain several morphologically distinct vessel types, and most types exhibit TSC1 or TSC2 loss of heterozygosity and increased immunoreactivity to phospho-S6 antibodies, indicating dysregulated mammalian target of rapamycin (mTOR) activity (30) . Spindle, adipocyte-like, and epithelioid cells can all express ␣-smooth muscle actin (␣-SMA) as well as melanocyte markers such as glycoprotein 100 [human melanoma black (HMB)-45], a splice variant of premelanosome protein 17, and even MelanA/melanoma antigen recognized by T cells (MART)-1. Expression of these melanocyte-associated genes is downstream of microphthalmiaassociated transcription factor (MITF) family activity, whose production is upregulated with increased mTOR activity (35, 37) . Based on the aberrant mTOR signaling of TSC-associated angiomyolipomas, recent clinical trials (9, 10) have supported the use of mTOR inhibitors as the first pharmacological treatment to reduce the tumor burden for TSC patients. However, this therapy is likely cytostatic as tumors often return to pretreatment size when therapy is discontinued. Although yet unexplored, TSC-associated renal angiomyolipomas are ideal candidates for preventative therapies because TSC is most often diagnosed in early childhood, and angiomyolipomas are later identified and grow over the patient's lifetime, becoming symptomatic most often in adulthood (7, 18) .
Angiomyolipoma cells do not stain for endothelial markers such as CD31, although blood vessel tunica intima does (2) . We focused on the possibility that angiomyolipoma cells were myofibroblasts or pericytes (2) . Pericytes are mesenchymal perivascular cells attached to the abluminal surface of capillaries. They share lineage with fibroblasts, and there may be plasticity between pericytes and interstitial fibroblasts, but, unlike fibroblasts, pericytes have specific functions in regulating microvascular stability, development, and function (1, 54) . A pericyte origin was especially interesting because angiomyolipoma cells, like pericytes, histochemically express ␣-SMA and pericytes also can accumulate lipid, as is seen in angiomyolipomas (17) .
Renal manifestations of tuberous sclerosis include angiomyolipomas as well as renal cystic disease. Approximately 2% of TSC patients have a severe, very early onset polycystic kidney phenotype that is usually associated with deletions affecting the adjacent TSC2 and polycystic kidney disease 1 (PKD1) genes on chromosome 16p13 (45) . Such polycystic kidney disease is commonly associated with hypertension. Given the perivascular nature of angiomyolipomas, we posited that if they were of vascular cell origin, then interference in vascular signaling by the use of angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs) would impact tumor growth.
In the present study, we provide clinical and laboratory evidence of a pericyte cell of origin for angiomyolipomas, evidence supporting a role of ANG II, a traditionally vascular signaling pathway, in angiomyolipoma pathogenesis, and the rationale for novel therapeutic intervention for angiomyolipomas in patients with TSC by targeting the renin-angiotensin system (RAS).
METHODS

Chemicals and reagents.
All chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. RAD-001 was obtained from Novartis (Basel, Switzerland) per the material transfer agreement (WSJ-386.12.06-12.12).
Analysis of angiomyolipoma in patients with the polycystic kidney variety of TSC. After obtaining Institutional Review Board (Cincinnati Children's Hospital Medical Center) or Ethics Committee (Cardiff University School of Medicine) approval, reports from scans obtained for clinical reasons were assessed for the presence or absence of angiomyolipomas, and charts were reviewed to ascertain whether the patients were or were not on ACE inhibitors or ARBs. Patients younger than 10 yr of age were excluded from analysis. In the case of patients who received ACE inhibitors or ARB therapy after the initial detection of angiomyolipomas, the treatment was considered no factor. Statistical significance was determined by Fisher's exact test.
Real-time quantitative RT-PCR. Immortalized TSC2-deficient human renal angiomyolipoma cells (TRI102 cells) and the same cell line in which TSC2 is reexpressed (TRI103 cells) were used. TRI102 and TRI103 cells were grown to 80 -90% confluence. Total RNA was isolated using an RNeasy mini kit (Qiagen, Valencia, CA). Total RNA (2 g) was used for cDNA synthesis using the RT 2 first-strand kit (Qiagen) and reverse transcribed using RT 2 SYBR Green MasterMix (Qiagen) following the manufacturer's instructions. Gene expression was quantified by RT-PCR using Mastercycler ep realplex and was performed using the following primers for the ANG II type 1 receptor (AT 1R) gene (AGTR1): forward 5=-AAGTTTTCGTGCCGGTTTTC-AGC-3= and reverse 5=-ACGGGCATTGTTTTGGCAGTGTA-3=. GAPDH (IDT) was used as a reference gene.
Serum biomarker analysis. After informed consent was obtained using an Institutional Review Board-approved consent form, blood was drawn from patients and serum was isolated. Samples were run as a batch sample using standard ELISA technology. All patient plasma samples were stored at Ϫ80°C before batched analysis. Samples were thawed at room temperature and analyzed according to the manufacturer's recommendations. In brief, the multiplexed Human Growth Factor Panel I containing basic FGF, placental growth factor, VEGF-A, and soluble (s)VEGF receptor (VEGFR)1 and the multiplexed Human Growth Factor Panel II containing sVEGFR2 and cKit were used (Mesoscale Discovery). A volume of 25 l of neat sample was used for Human Growth Factor Panel I, whereas 25 l of 1:20 dilution of the sample was used for Human Growth Factor Panel II. A Quantikine ELISA kit (R&D Systems) was used to measure VEGF-D levels in 50 l of neat plasma, whereas collagen type IV was measured using an ELISA kit (Kamiya Biomedical) using the same volume of sample. All samples were analyzed in duplicate wells, and assay plates were read either in a Sector 2400 instrument (Mesoscale Discovery) or Spectramax-M2 (Molecular Devices) as recommended by the manufacturer. Analyte concentrations were calculated using either four-or five-parameter standard curves, and means of the concentrations from duplicate wells were reported.
Electron microscopy. Tissues were fixed in 3% buffered glutaraldehyde, postfixed in 1% osmium tetroxide, dehydrated in graded alcohols, and embedded in LX-112 resin. Sections were cut with diamond knives on an ultramicrotome, stained with uranyl acetate and lead citrate, and examined in a Hitachi H-7600 electron microscope.
Light microscopy and immunohistochemistry. Representative sections from cases of human renal angiomyolipoma and controls including a normal kidney, nonalcoholic fatty liver disease liver, and translocation renal cell carcinoma were prepared from 10% formalinfixed, paraffin-embedded tissue and stained with hematoxylin and eosin. Immunohistochemical stains were carried out on formalinfixed, paraffin-embedded tissue using the avidin-biotin technique with diaminobenzidine as the chromogen on an automatic immunostainer (Benchmark XT, Ventana Medical Systems, Tucson, AZ). The following monoclonal antibodies were used: S100 (Ventana Medical Systems), PDGF receptor (PDGFR)-␤ (Santa Cruz Biotechnology, Santa Cruz, CA), VEGFR2 (GenScript, Piscataway, NJ), AT 1R (Abcam, Cambridge, MA), and glycoprotein nonmetastatic B (GPNMB; Abcam). In every case, formalin-fixed tissue was subjected to heatinduced antigen retrieval.
Crystal violet cell quantitation. TRI102 and TRI103 cell quantitation was performed as previously described (49) . Briefly, cells were plated at 5 ϫ 10 3 cells/well in 96-well plates and allowed to adhere for 24 h before treatment. After treatments, cells were washed with PBS, formaldehyde fixed, washed with deionized water, and incubated in 0.1% crystal violet and H2O for 30 min. Excess crystal violet was washed out with deionized water. DNA-bound crystal violet was dissolved by adding 10% acetic acid with mild agitation. Absorbance at 540 nm was detected using a Biotek Synergy H4 microplate reader (Biotek, Winooski, VT).
Fura-2 measurements of intracellular Ca 2ϩ . TRI102 and TRI103 cells were seeded at 1 ϫ 10 4 cells/well on black opaque 96-well plates (Perkin-Elmer, Waltham, MA) and cultured to near confluence after 72 h of growth. Cells were washed with Ringer solution [containing (in mM) 140 NaCl, 2.4 K2HPO4, 10 D-glucose, 10 HEPES, 1.5 CaCl2, and 1 MgSO4], and incubated in 5 M fura-2 AM (Teflabs, Austin, TX) in Ringer solution at 37°C for 30 min. Fura-2 solution was aspirated, and cells were bathed in Ringer solution with or without 1 M valsartan (Tocris Bioscience, Ellisville, MO). Fura-2 fluorescence was measured kinetically at excitation/emission wavelengths of 340/ 510 and 380/510 nm using a Biotek Synergy H4 microplate reader. Indicated treatments were administered by an automated injection manifold (Biotek).
In vitro VEGF assays. TRI102 and TRI103 cells were seeded at 3 ϫ 10 5 cells/well in six-well tissue culture plates. After 56 h, serum was removed from the culture media. At 72 h, the indicated treatments were administered in serum-free culture media. After 24 h of treatment, conditioned media were collected, and VEGF-A levels were determined by ELISA according to the manufacturer's specifications (R&D Systems).
Protein isolation/Western blot analysis. TRI102 and TRI103 cells were seeded at 3 ϫ 10 5 cells/well in six-well tissue culture plates. After 56 h, serum was removed from the culture media. At 72 h, the indicated treatments were administered in serum-free culture media. Cells were washed with ice-cold PBS and bathed in ice-cold RIPA buffer [containing 50 mM Tris·HCl (pH 8), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS] with protease and phosphatase inhibitors to obtain total cell lysates. A BCA protein assay (Pierce) was performed to determine the protein concentration. Normalized protein amounts were loaded on polyacrylamide gels, separated by SDS-PAGE, and transferred to polyvinylidene difluoride membranes. Membranes were incubated in pri-mary antibodies overnight at 4°C. The following antibodies and dilutions were used: Akt, phosphorylated Akt (Ser 473 ), and phosphorylated Akt (Thr 308 ), 1:1,000 (Cell Signaling, Boston, MA); GAPDH, 1:300,000; ␣-SMA, 1:1,000 (Novus Biologicals, Littleton, CO); and H-caldesmon, 1:200 (Santa Cruz Biotechnology). Membranes were incubated in horseradish peroxidase-conjugated secondary antibodies (1:3,000, GE Healthcare Biosciences, Pittsburgh, PA) at room temperature for 1 h. ECL Plus (GE Healthcare Biosciences) was used for chemiluminescence detection.
Lipid droplet fluorescence imaging. TRI102 and TRI103 cells were seeded at 7.5 ϫ 10 4 cells/well on glass coverslips in 24-well tissue culture plates and allowed to attach for 24 -48 h and reach ϳ70% confluence. The indicated treatments were administered for 4 or 24 h in culture media supplemented with 0, 50, 100, or 400 M Na-oleate. After treatment, cells were washed twice with PBS and fixed with 4% paraformaldehyde and PBS for 10 min. Fixed cells were washed twice with PBS and then incubated with LipidTOX red neutral lipid stain according to the manufacturer's specifications (Molecular Probes, Eugene, OR). Coverslips were mounted on glass slides using ProLong Gold antifade mounting agent containing 4',6-diamidino-2-phenylindole (Molecular Probes). Images were obtained using a Zeiss Axiovert 400 microscope with a ϫ40 Plan NeoFluar lens and an AxioCam MRm black and white camera (Carl Zeiss Microscopy, Munich, Germany), and image analysis and pseudocoloring were performed with ImageJ software (National Institutes of Health, Bethesda, MD).
Statistical analysis. Statistical analysis was performed using Prism 6.0c software (GraphPad Software, La Jolla, CA).
RESULTS
Anti-RAS therapy correlates with a reduced angiomyolipoma burden in patients with TSC.
Imaging from 58 patients with the polycystic kidney variety of TSC was reviewed for the presence of angiomyolipomas, and a retrospective chart review was performed to determine whether patients received antihypertensive therapy with ACE inhibitors or ARBs. This group was selected for analysis because having the polycystic phenotype would put these patients at risk for hypertension so that many receive antihypertensive therapy even from a very early age. None of the patients had received rapamycin. Four of 33 (12%) patients treated with ACE inhibitors or ARBs had angiomyolipomas, whereas 11 of 25 (44%) untreated patients had these lesions (Fig. 1) .
AT 1 Rs are overexpressed in angiomyolipoma tissue and cells. In order for ANG II to exert tumorigenic effects, the AT 1 R likely would be present on tumor cells. In renal angiomyolipoma tissue from patients with TSC, we observed robust AT 1 R expression in spindle, epithelioid, and adipocyte-like cells, which was absent in adjacent mature fat and far more intense compared with the vascular smooth muscle of tumor arterioles (Fig. 2) . Tissue from patients with TSC2-PKD1 contiguous gene mutations was not available for immunohistochemical analysis because diagnosis is made by imaging and there is no role for biopsy. Immunohistochemical examination has been effectively used to identify AT 1 R expression, but some studies have reported uncertainty with this methodology. We sought to verify the present findings using an in vitro angiomyolipoma cell model. In TRI102 and TRI103 cells (49), we examined AT 1 R mRNA (AGT1R) expression by real-time quantitative RT-PCR. We observed nearly threefold greater AT 1 R mRNA in the absence of TSC2 expression (Fig. 3) . Treatment with the mTOR complex 1 (mTORC1) inhibitor RAD-001 (Everolimus, Novartis Pharmaceuticals) reduced AT 1 R levels in TRI102 cells, whereas levels in TRI103 cells were nearly unaffected (Fig. 3) .
Angiomyolipoma cells display AT 1 R-mediated signaling in vitro. Given the clinical findings and AT 1 R expression, we postulated that ANG II might activate AT 1 R-mediated signaling in angiomyolipoma cells, resulting in inositol 1,4,5-trisphosphate-mediated intracellular Ca 2ϩ elevation, cellular proliferation, and secretion of VEGF-A (41). We found that ANG II produced an increase in intracellular Ca 2ϩ that was greater in TSC2-deficient TRI102 cells compared with TSC2-rescued TRI103 cells and attenuated by the AT 1 R antagonist valsartan exclusively in TRI102 cells (Fig. 4, A and B) . TRI102 cells also released VEGF-A in response to ANG II treatment, whereas TRI103 cells did not (Fig. 4D) . We also observed reduced VEGF-A release in TRI102 cells treated with RAD-001, a finding that is consistent with another report (14) using other TSC cell models. These data support a model in which VEGF-A production is driven by increased mTORC1 activity in TSC-null cells and secretion is induced by ANG II stimulation of AT 1 Rs. In addition, we found a significant increase in cell proliferation with ANG II treatment exclusively in TRI102 cells, which was also blocked by valsartan, suggesting that proliferation of angiomyolipoma cells was an AT 1 R-mediated phenomenon (Fig. 4E) . These in vitro experiments support a role for AT 1 R-mediated signaling in renal angiomyolipoma that may contribute to tumorigenesis. This AT 1 R-mediated effect may also help explain spindle cell proliferation in lymphangioleiomyomatosis (LAM).
Angiomyolipoma ultrastructural analysis supports vascular origin. Vascular abnormalities associated with TSC include aneurysms in angiomyolipomas (55), the aorta (48) , and the brain (6) . Microscopic, histochemical, and morphological observations of angiomyolipomas are consistent with a vascular cell of origin. Using electron microscopy, we noted that angiomyolipoma cells, especially spindle and epithelioid cells, produced an extracellular matrix that appeared to be basal lamina (Fig. 5A) . This is an important finding because endothelial cells and pericytes produce such structures in the vasculature.
TSC patients display elevated markers, supporting vascular origin. Because pericytes can express VEGF-A, VEGF-D, sVEGFR1, sVEGFR2, and collagen type IV, we examined these serum biomarkers in a group of 25 adult patients with TSC and renal angiomyolipomas. We identified a marked increase in circulating concentrations of collagen type IV, sVEGFR2, VEGF-A, and VEGF-D (Fig. 5B) . Another study (8) by our group demonstrated that collagen type IV was reduced in TSC patients treated with an mTORC1 inhibitor, suggesting that the tumor is the source of this elevated biomarker. To clarify whether these observations reflected a likely pericyte origin of angiomyolipomas or simply robust angiogenesis in tumors of nonvascular origin, we further characterized the cellular components of angiomyolipomas.
Angiomyolipoma tissue expresses pericyte markers and cells display pericyte signaling.
Although not unique to pericytes, the AT 1 R is found in pericytes from various tissues (25, 32) . We performed immunohistochemistry for additional pericyte markers on TSC-associated angiomyolipomas. Although there are no exclusive or universal pericyte markers, ␣-SMA and PDGFR-␤ are frequently used. Pericyte and vascular smooth muscle PDGFR-␤ activity is critical for vasculogenesis and angiogenesis (53) , and both PDGF-BB-and PDGFR-␤-null mice die at late gestation from widespread microvascular bleeding (34) caused by a severe reduction of vascular smooth muscle cells and pericytes (38) . We confirmed that, whereas the neovasculature displayed intense staining, angiomyolipoma cells did not express the endothelial marker CD31 (Fig. 6, A and B) but did express much more PDGFR-␤ than vascular smooth muscle (Fig. 6C) . A similar staining pattern was observed for the pericyte marker desmin (Fig. 6E) , and ␣-SMA, a recognized marker of pericytes and smooth muscle and a known marker of angiomyolipomas, strongly stained both the tumor and vascular smooth muscle. In addition to PDGFR-␤, we found that human angiomyolipomas displayed strong staining for VEGFR2 (Fig. 6D) , which is a marker for endothelial cells and pericytes. We performed in vitro experiments to test whether PDGF-mediated signaling was evident in angiomyolipoma cells. We found that PDGF-BB treatment caused rapid phosphorylation of Akt (Fig. 7) , a well-characterized downstream target of PDGFR-␤ activation (56) . Notably, TRI102 cells displayed enhanced Akt activation compared with TRI103 cells. This finding is consistent with work from another group who demonstrated sensitivity of human TSCdeficient angiomyolipoma and murine TSC-deficient sarcoma cell models to PDGFR antagonists (2, 11, 21) . In contrast to our results, another group has shown diminished PDGFR-␤ levels with mTOR activation, but in TSC-null mouse embryonic fibroblasts (56) .
ANG II contributes to angiomyolipoma smooth muscle-like characteristics. The spindle cell morphology and expression of smooth muscle actin contribute to the smooth muscle cell appearance of some of the cellular components of angiomyolipomas. Because ANG II causes pericyte contraction, we posited that ANG II exposure would enhance the smooth muscle-like characteristics of angiomyolipoma cells. To explore this possibility, we exposed angiomyolipoma cells in culture to ANG II. This stimulus resulted in an upregulation of ␣-SMA and H-caldesmon, a smooth muscle marker that has been detected in human angiomyolipoma tissue (33) , in TRI102 cells, whereas levels in TRI103 cells were unchanged (Fig. 8) .
Endoplasmic reticulum stress contributes to the angiomyolipoma adipocyte-like appearance. This evidence for pericyte lineage and characteristics of angiomyolipomas begs the question of why or how do angiomyolipomas acquire adipose and melanocytic characteristics? To test whether the fatty component of angiomyolipomas is of adipocyte origin, we performed immunohistochemistry for S100 on angiomyolipomas from biopsy and nephrectomy specimens of patients with TSC and on tissues from non-TSC patients. Lipoblasts, adipocyte tissue, and even a myxoid liposarcoma exhibited both cytoplasmic and nuclear staining with an antibody to S100 (Fig. 9, A and B ) (51) , whereas fat-containing hepatocytes with nonalcoholic fatty liver disease as well as angiomyolipomas did not display this positive staining (Fig. 9, C and D) .
The adipose-like tissue in angiomyolipomas appears to be the result of lipid droplet accumulation as determined by electron microscopy (Fig. 9, E and F) . The deregulation of the mTORC1 pathway and associated changes in translation result in increased activity of the lipid-generating transcription factor sterol regulatory element-binding protein (SREBP)1c (36) as well as inducing endoplasmic reticulum (ER) stress and the unfolded protein response (43) and increasing production of the rough ER (49) . We found that TRI102 cells accumulated lipids to a greater degree than TRI103 cells (Fig. 10A) . With the use of MG-132 to induce ER stress, as we have previously demonstrated (49) , lipid accumulation was visibly enhanced in a genetically determined manner (Fig. 10B) . mTORC1-driven MITF signaling contributes to melanocyte marker expression in angiomyolipomas. Heightened mTORC1 activity is associated with increased activity of MITF transcription factors [transcription factor E (TFE)3 and TFEB] in angiomyolipoma cells (37) . MITF transcription factor activity is known to increase MART-1/MelanA and HMB-45. GPNMB is another downstream target of these MITF transcription factors (27) that was first cloned from a melanoma cell line and is expressed in many such lines. GPNMB is a transmembrane protein reported to play a role in osteoblast and osteoclast differentiation as well as cancer cell metastasis (46) . Angiomyolipoma tissues from patients with TSC expressed significant amounts of GPNMB (Fig. 11) . This staining appeared to be most robust in epithelioid cells (Fig. 11, B and D) and strong in adipocyte-like cells (Fig. 11A) , whereas most spindle-shaped cells did not show expression (Fig. 11, C and D) . Translocation (TFE ϩ ) renal cell carcinoma, the most common form of pediatric renal cell carcinoma, characterized by cells with an epithelioid and polygonal appearance, is known to produce melanocyte markers driven by aberrant MITF transcription factor activity (20) . As a positive control, we observed robust GPNMB expression in translocation renal cell carcinoma, and very little staining was observed in normal kidney tissue (Fig.  11, E and F) .
DISCUSSION
Our data suggest that ANG II signaling is integral to the development and cellular phenotype of angiomyolipomas and that modifying this signaling pathway by AT 1 R blockade or ACE inhibition represents a candidate approach for A: the endothelial cell marker CD31 in an epithelioid angiomyolipoma from a patient with TSC (ϫ400 magnification). B: CD31 staining in a spindle cell predominant angiomyolipoma from a patient with TSC (ϫ400 magnification). C: immunohistochemical staining of an angiomyolipoma for PDGF receptor (PDGFR)-␤. The section revealed a tangential cut through a blood vessel wall such that the center is vascular smooth muscle (VSM), which was not stained, but the surrounding pericytes stained strongly positive for PDGFR-␤. Angiomyolipoma surrounding the vessel also stained positive for PDGFR-␤ (ϫ400 magnification). D: immunohistochemical staining for VEGFR2. This section was slightly deeper and revealed the vessel lumen. VSM cells did not stain, but the surrounding endothelial, pericyte, and angiomyolipoma cells all exhibited robust staining for VEGFR2 (ϫ400 magnification). E: immunohistochemical staining of an angiomyolipoma for desmin. The section revealed a tangential cut through a blood vessel wall with a similar staining pattern as that of PDGFR-␤. F: immunohistochemical staining of an angiomyolipoma for ␣-smooth muscle actin (␣-SMA). VSM and the surrounding pericytes/tumor areas were strongly positive. Four separate TSC-associated angiomyolipomas were analyzed. preventive therapy. In a defined subpopulation of TSC patients with polycystic kidney disease, we observed that antihypertensive therapy targeting ANG II signaling correlated with a reduced angiomyolipoma burden. There is no evidence in the published literature to suggest that polycystic kidney disease would preclude angiomyolipoma formation in those patients, and coexistence of renal cysts and angiomyolipomas has been documented (45) . Because this is a retrospective observation, no causality can be inferred. However, given this correlation between antihypertensive therapy targeting ANG II signaling and the reduced tumor burden in this TSC patient subpopulation, we posit that ANG II may play a role in angiomyolipoma pathogenesis. We recognize that polycystic kidney disease could enhance renin-angiotensin-aldosterone system activity in these patients compared with TSC patients with only angiomyolipomas due to compression of the renal vasculature. However, this would not preclude relevance to the latter group because the threshold for an effect of ANG II is not known, and autocrine ANG II signaling [as observed in TSCaffected LAM cells (52) ] could also be a factor. We submit that the findings from TSC2-PKD1 contiguous gene syndrome patients and TSC patient tissue, combined with the in vitro ANG II data, provide a rationale for more extensive examination of the role of angiotensin signaling in TSC renal angiomyolipoma tumorigenesis. Taken together, these data also support the investigation of ACE inhibitors or ARBs in angiomyolipoma prevention trials for patients with TSC. Here, we report the first evidence supporting a pericyte origin of renal angiomyolipomas. The ultrastructural analysis and immunohistochemical and biochemical expression of pericyte-associated proteins by angiomyolipomas support the assertion that angiomyolipomas may arise from pericytes. The combined expression pattern is consistent with pericytes, but not mature vascular smooth muscle or endothelial cells. A previous study of human angiomyolipomas demonstrated expression of neural/glial antigen 2 proteoglycan, a marker for various incompletely differentiated precursor cells, which consistently labels pericytes, adding support to the present findings (37, 44) .
Our findings also suggest that angiomyolipoma aneurysm formation in TSC patients might be reduced by treatment with ARBs as occurs in both patients with and animal models of Marfan syndrome (13, 24) . ANG II promotes the migration of retinal microvascular pericytes (42) . An attractive hypothesis is that abnormal ANG II-induced angiomyolipoma cell migration may contribute to vascular instability and increase aneurysm formation in a similar fashion to decreased pericyte recruitment. Interestingly, autocrine VEGF-A signaling in pericytes has been shown to disrupt PDGFR-␤-mediated pericyte recruitment to endothelial cells (38) , a contributing factor to vessel destabilization (23) . This provides one possible explanation for the propensity of angiomyolipomas to develop aneurysms that lead to vascular hemorrhage. In addition, pericyte origin may help explain why the vascular markers VEGF-A, VEGF-D, and collagen type IV correlate with angiomyolipoma burden and therapeutic responses in TSC patients, who do not exhibit dramatic ongoing angiogenesis (9) .
Our findings suggest a novel model for the variable cellular phenotypes (smooth muscle, fat, and epithelioid) that characterize angiomyolipomas, despite their clonal nature (Fig. 12) . ANG II and transforming growth factor-␤ have been reported to facilitate pericyte transition to a smooth muscle-like phenotype, including increased ␣-SMA expression and the ability to contract (39) . The renal microenvironment, specifically the local production of ANG II, could drive the cellular smooth muscle phenotype in angiomyolipoma. As ACE is also produced by the lungs, these findings may also have relevance to LAM, a pulmonary disorder characterized by the proliferation of smooth muscle-like cells that occurs as a frequent manifestation of TSC and as a rare sporadic disease, often in association with renal angiomyolipoma. In fact, our findings are consistent with previous work that found evidence for a functioning RAS in LAM cells (52) . Interestingly, the other components (fat and epithelioid) also express AT 1 Rs. Why or how these cells are phenotypically different from smooth muscle- like cells is not certain but may result from additional epigenetic or renal microenvironmental influences, such as ER stress, or possibly through other abnormal signaling that can affect pericyte differentiation such as the Notch pathway, which is also aberrantly active in angiomyolipomas (3, 31) .
Histologically, the fatty component of angiomyolipomas can appear indistinguishable from adipose tissue using hematoxylin and eosin staining. Adipocyte lineages express S100 (4), and S100 is used to help identify tumors that originate from adipocytes (15) . Intrigued by a report in which angiomyolipomas did not stain with antibody to S100 (50), we postulated that the metabolic effects caused by TSC gene mutations result in pericyte lipid accumulation as seen in hepatocytes in nonalcoholic fatty liver disease. Such accumulation is also seen in another organ-specific pericyte, the hepatic stellate cell (47) , and may be due to ER stress. Angiomyolipomas have previously been shown to exhibit ER stress (43, 49) , which results in the cleavage and activation of the ubiquitous SREBP1c transcription factor (19) , leading to lipogenesis. The renal microenvironment may enhance this process, promoting the adipocyte-like phenotype that characterizes angiomyolipomas.
As a result of the unfolded protein response, SREBP1c is activated by cleavage (16, 29) , presumably to make more ER. This also requires more ribosomes, which may explain why the epithelioid phenotype contains the prominent nucleolus, where ribosomes are made. Finally, expression of the melanocyte markers HMB-45, MART-1/MelanA, and GPNMB in angiomyolipomas can also be explained in terms of the genetic defect and not limited to a neural crest lineage hypothesis (40) . The differential expression pattern of GPNMB in epithelioid and adipocyte-like versus spindle cells in angiomyolipomas observed in the present study may be explained by differential regulation of MITF-driven melanocyte markers (26) , potentially through microenvironmental factors such as ER stress.
